The radiation tolerance of amorphous silicon oxycarbide (SiOC) and crystalline Fe nanocomposites were examined by ion irradiation and transmission electron microscopy characterization. A comparison was made between a pure Fe film and SiOC/Fe multilayers. The composites were subjected to 120 keV He + ions to average damage levels from approximately 0.5 to 10
Introduction
Next-generation nuclear energy technology requires the development of radiation tolerant materials for service in extreme irradiation environments [1] , [2] and [3] . To suppress radiation damage effects, major efforts have been made to introduce defect sinks such as grain boundaries and interfaces to increase self-healing capabilities [4] and [5] . For example, oxide-dispersionstrengthened (ODS) alloys with interfaces between nanoscale oxides and ferritic/martensitic steels, have shown superior high temperature thermal stability and void swelling resistance [2] and [6] . Also, grain boundaries in austenitic stainless steels have been found to promote defect annihilation and effectively reduce the concentration of voids and void swelling [7] , [8] and [9] .
In addition, increasing the volume fraction of interfaces in several immiscible metallic nanolayer systems such as Cu/Nb was demonstrated to suppress radiation induced damage [10] .
Compared to traditional approaches which strive solely to minimize the effect of radiation damage in crystalline solids, amorphous silicon oxycarbide (SiOC) has been developed recently and has shown very good steady-state irradiation properties [11] . Previous studies have demonstrated that amorphous SiOC alloys sustain their glassy states within a wide envelope of irradiation conditions [11] and [12] . For potential service in extreme irradiation environments, amorphous SiOC can be paired with a crystalline metal component such as Fe to form a composite for improved mechanical properties and better heat conductivity [2] and [13] . Similar to what has been observed in metallic nanolayer composites [10] and [14] , the amorphous/crystalline interfaces are expected to be strong sinks for defects. This interface behavior is anticipated because the amorphous structure on the SiOC side of the interface is able to adopt numerous atomic-level conformations and add free volume to the interface, which increase its capacity to trap and relax away conventional crystal defects (such as vacancies and interstitials) that diffuse to the interface from the crystalline Fe layers. The ability of the amorphous SiOC to conform itself to the atomic-level morphology of the adjacent Fe layer is also expected to enhance mechanical adhesion, giving rise to high interfacial fracture toughness and resilience against dislocations arriving at the interface from the Fe layer.
This amorphous SiOC/crystalline Fe composite is attractive since it exhibits promising thermal and radiation tolerant properties [15] and [13] . For example, a thermally stable intermixed layer (Fe x Si y O z ) was observed in thick SiOC/Fe multilayers after 600 °C annealing.
More interestingly, the thickness of the intermixed layer remains small and does not vary as annealing time goes up, suggesting that the Fe x Si y O z layer acts as a barrier for further Si, Fe, O diffusion and helps to maintain morphological stability. In addition, the amorphous/crystalline interface in SiOC/Fe composites has been shown to effectively remove defects at room temperature, under both light ion (He) and heavy ion (Kr) irradiation [16] and [17] .
Although thermal and irradiation stability at room temperature have shown in amorphous SiOC/crystalline Fe system, the composites needs to be tested in a more extreme environment such as a combination of high temperature (>500 °C) and irradiation to evaluate the potential applications in fast reactors. At such temperatures (homologous temperatures 0.3-0.5 T M ), the Fe component cannot thermodynamically support large concentrations of vacancies and irradiation induced defects are sufficiently mobile to diffuse and cluster into voids.
Therefore, void swelling represents one of the most important radiation degradation phenomena [18] and [19] . However, the effect of this new amorphous/crystalline SiOC/Fe interface on void swelling and on the layered morphological stability during irradiation at elevated temperatures is largely unknown. In this work, we investigated and compared the high temperature (600 °C) radiation responses of pure Fe films and SiOC/Fe composites with different Fe layer thicknesses and different doses for the first time. The results serve to better understand and show the role of SiOC/Fe interfaces on defect mitigation out to harsher environments.
Experimental
In this study, pure nanocrystalline alpha-Fe films and SiOC/Fe multilayer films were prepared by magnetron sputtering at room temperature. The base pressure of 9.2 × 10 -6 Pa was reached prior to depositions and the typical argon partial pressure during sputtering was ~ 0.65
Pa. DC magnetron sputtering was used to deposit -Fe layers, while radio frequency (RF)
sputtering was used to prepare amorphous SiOC layers from SiO 2 and SiC targets. All multilayered films had a similar total thickness of 420 nm and the thickness of the pure -Fe film was 180 nm. In thick Fe/SiOC multilayer films, the thickness of Fe and SiOC layers were 60 and 80 nm, respectively, while the individual layer thickness for thin Fe/SiOC multilayer films was 14 nm. A detailed microstructure characterization of as-deposited SiOC/Fe multilayers can be found in reference [16] .
The SiOC/Fe multilayers and pure alpha-Fe films were subjected to 120 keV He ions at 600 °C. 
Results and discussion
In this study, we selected 120 keV He ion for irradiation because of the needs to minimize He doping and maximize displacement efficiency in the multilayer films. Fig. 1a and 1b) , it is seen that damage dominates the nanocrystalline alphaFe films because the majority of He ions come to rest in the Si substrate. However, some He is predicted to be close to the film/substrate interface in irradiated SiOC/Fe multilayer films.
Therefore, the surface regions were selected for examining irradiation effects because there should be a negligible amount of He in the near surface region (<200 nm). SiOC/Fe films, significant Fe grain growth and a discontinuous intermixed layer is observed between the Fe and SiOC layers after 600 °C irradiation with a damage level of 2.7 dpa (Fig 2b) .
The intermixed layer, which consisted of Fe, Si and O, was also observed in samples exposed to pure thermal annealing [22] or irradiation at room temperature [13] . Fig. 3a and 3c) , the structural evolution of pure Fe films with the same dose is also presented (Fig. 3b and 3d) . Although the void density in the pure Fe films is slightly bigger than that in the top Fe layer of the thick SiOC/Fe multilayer sample, the average void size in pure Fe films is two times larger than that in the Fe layer of the thick SiOC/Fe multilayer sample under the same irradiation damage level. In general, there are two characteristic regimes of void swelling: an initial low-swelling transient regime during which void nucleation and initial growth phase exist, and a steady-state swelling regime where the volumetric swelling increases linearly with irradiation dose [19] , [23] and [24] . Void swelling examined in this work is mainly in the initial low-swelling transient regime.
The He irradiation processes in Fe results in primarily producing isolated defects (vacancies and interstitials) and small dilute cascades [25] . The irradiation defect population can be reduced by either recombination of interstitials and vacancies or diffusion to defect sinks such as dislocation, grain boundaries, interface, etc. [26] . Void formation and swelling occurs when there is preferential absorption of interstitials at different sinks [27] and [28] . For the composite system, void size and density in the Fe layer are smaller than that observed in the pure Fe film. In addition, void denuded zones with widths of ~10 nm are observed in the Fe layer near the interface in the composite (Fig. 3a and 3c ). These findings suggest that the concentration of supersaturated vacancies close to the composite interfaces is too low to nucleate and form voids during 600°C irradiation. These data suggest that the SiOC/Fe and Fe/Fe x Si y O z interfaces are playing a crucial role in promoting the recombination of radiation induced interstitials and vacancies, therefore, extending the low-swelling transient regime in the Fe component.
A typical cross-sectional TEM image of the as-deposited thin SiOC/Fe (14/14 nm) multilayer sample is shown in Fig. 5a . In contrast to the irradiation behavior of the thick SiOC/Fe multilayer samples after 600 °C irradiation which maintain their layered structure, thin SiOC/Fe multilayer samples undergo layer breakdown after 0.5 dpa irradiation at 600 °C; pinch-off is observed in the Fe layers and grain spheroidization occurs (Fig. 5b) . The layer breakdown becomes more severe as the irradiation dose increases (Figs. 5c and 5d) . The corresponding SAD patterns show extra diffraction rings and diffraction spots (highlight in Fig. 5e ), indicating the formation of a new phase. Typical intermixed regions are highlighted in Fig. 5c and 5d. These results are similar to the pure thermal annealing result [15] . Although layer breakdown occurs in thin SiOC/Fe multilayer films, one important observation is that no void formation occurs in the Fe component of the composite even after ~10.7 dpa irradiation at 600 °C. The results indicate that the interfaces in the thin composite continue to act as efficient defect sinks even after layer break down.
Conclusions
We examined the irradiation stability of the SiOC/Fe composite system after increasing damage levels (approximately 0.5, 2.7, 6.7 and 10. 
